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ABSTRACT 

^°OJi 

Measurements have been made of coherence 
and phase spectra for the acoustic field 
in a subsonic wind tunnel. The data are 
interpreted in terms of simple analytical 
models for propagating and diffuse noise 
fields, including the presence of uncor- 
related noise signals. It is found that 
low frequency noise propagates upstream 
and downstream from the fan, with the 
noise in the test section arriving in the 
upstream direction. High frequency sound 
appears to be generated in the test sec- 
tion and propagates upstream and downstream. 

In the low frequency range, the ratio of 
diffuse to propagating energy is about 8 
for all locations in the test section, 
diffuser, and settling chamber; the value 
of the ratio increases with frequency. 

Further analysis is required to describe 
in better detail the effects of rever- 
beration and incoherent sources in a duct- 
like environment . 




iii 



• Report 3559 


Bolt Beranek and Newman Inc 


TABLE OF CONTENTS 

Page 

1. INTRODUCTION 1 

2. WIND TUNNEL NOISE LEVELS 2 

3. COHERENCE AND PHASE FUNCTIONS 5 

i}. TEST PROGRAM 20 

5. MEASUREMENTS 23 

6. DISCUSSION 

/ 

7. CONCLUSIONS 5 ^ 

REFERENCES 55 


V 



Report 355^9 


Bolt Beranek and Newman Inc. 


LIST OF FIGURES 

Fig. No . Title Page 

1 Diagram of 7’ x 10’ Wind Tunnel 3 

2 Noise Spectra in Tunnel Test Section 4 

3 General Arrangement of Transducers 7 

4 Phase for Equal Magnitude Waves Traveling In Same 

Direction: Effect of 9 

5 Example Coherence and Phase Spectra for Propagating 

Wave Pairs [3] ll 

6 Effect of R on Coherence Spectrum (U=0, 6 = 0) . . 13 

7 Effect of R on Phase Spectrum (U = 0, 6 = 0) .... 14 

8 Effect of 6 on Coherence Spectrum (U = 0) 15 

9 Effect of 6 on Phase Spectrum (U=0) 16 

10 General Arrangement of Transducers with Plow ... 17 

11 Dimensions of Microphone Arrangements in Wind 

Tunnel 21 

12 Coherence Spectrum for Sound Field in Test Section 

(0 - 5000 Hz) 24 

13 Phase Spectrum for Sound Field in Test Section 

(0 - 5000 Hz) 25 

14 Coherence Spectrum for Sound Field in Test Section 

(0 - 2000 Hz) 26 

15 Phase Spectrum for Sound Field in Test Section 

(0 - 2000 Hz) 27 

16 Coherence Spectrum for Sound Field in Settling 

Chamber (Location 5) 28 

17 Phase Spectrum for Sound Field in Settling Chamber 

(Location 5) 29 

Vi 



Report 3559 


Bolt Beranek and Newman Ihc. 


List of Figures (Concluded) 

Fig. No . Title Page 

18 Coherence Spectrum for Sound Field in Settling 

Chamber (Location La) 0 - LOOO Hz 31 

19 Phase Spectrum for Sound Field in Settling Chamber 

(Location La) 0 - LOGO Hz 32 

20 Coherence Spectrum for Sound Field in Settling 

Chamber (Location La) 0 - 2000 Hz 33 

21 Phase Spectrum for Sound Field in Settling Chamber 

(Location La) 0 - 2000 Hz 3L 

22 Coherence Spectrum for Sound Field in Settling 

Chamber (Location Lb) 0 - 5000 Hz 35 

23 Phase Spectrum for Sound Field in Settling Chamber 

(Location Lb) 0 - 5000 Hz 36 

2L Coherence Spectrum for Sound Field in Diffuser 

(Location 2a) 37 

25 Phase Spectrum for Sound Field in Diffuser 

(Location 2a) T ... 38 

26 Coherence Spectrum for Sound Field in Diffuser 

(Location 2b) 39 

27 Phase Spectrum for Sound Field in Diffuser 

(Location 2b) LO 

28 Coherence Spectrum for Sound Field in Diffuser 

(Location 3) Ll 

29 Phase Spectrum for Sound Field in Diffuser 

(Location 3 ) L2 

30 Effect of Record Length on Measured Coherence for 

a Single Source in a Reverberant Room L 6 

31 Coherence Spectra for Sound Field from a Single 

Source L7 

32 Phase Spectrum for Sound Field in Test Section 

(q = 958 N/m^ ) 51 

33 Phase Spectrum for Sound Field in Test Section 

(q = 3830 N/m^) 52 

vii 



Report 3559 


Bolt Beranek and Newman Inc. 


1. INTRODUCTION 

In recent years there has been an Increasing need to use wind 
tunnels as acoustic test facilities. As a consequence, modifi- 
cations have become necessary to convert tunnel test sections 
into suitable acoustic environments. One such conversion is 
planned for the NASA Ames Research Center 7x10 foot #1 Wind 
Tunnel. Before designing the modifications for the tunnel, 
acoustic surveys were performed to determine reverberation 
characteristics and to identify noise sources for subsequent 
noise control treatment. As part of the investigation, acoustic 
coherence and phase spectra were measured at several locations 
within the tunnel. These spectra were then interpreted in terms 
of relative contributions from propagating and diffuse components 
in the tunnel noise field. This report presents a summary of 
the investigation, describes the problems associated with data 
interpretation, and presents conclusions regarding the sources 
of noise in the tunnel test section. 
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2. WIND TUNNEL NOISE LEVELS 

The' NASA Ames 7x10 foot #l' wind tunnel Is a subsonic recirculating 
flow tunnel with a single stage fan. A schematic of the tunnel 
is shown in Figure 1. Thej tunnel circuit is closed, with the 
exception of an interchange section downstream of the fan. An 
acoustic survey [1] of the tunnel was conducted in 1975 with 
the’ purpose of identifying noise sources so that noise control 
features could be Installed. The survey concluded that a large 
percentage of the acoustic energy in the test section was gen- 
erated by '-struts, airfoils and other protuberances located in 
the’ test section or the entry to the diffuser. This conclusion 
was ^ validated, to some extent," by later measurements of Soderman 
[2], who was able to reduce the sound levels in the test section 
by removing some of the protuberances and sealing holes in the 
wall of the test section. However, at mid and high frequencies, 
the measured levels still exceeded values predicted for the 
fan alone (Figure 2).’ Thus it was decided to explore the use 
of coherence and phase measurements for identifying the noise 
sources in the test section. 
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FIGURE 1. 


DIAGRAM OF 7' x 10* WIND TUNNEL 






One-Thfrd Octava' Band' Center Frequency. (Hz) ' 


FIGURE 2. NOISE SPECTRA IN TUNNEL TEST SECTION 
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3. COHERENCE AND PHASE FUNCTIONS 

The noise field in the wind-tunnel could consist of contributions 
from propagating', diffuse and reverberant sound fields. For 
example, noise from the tunnel drive fan could propagate into 
the diffuser and settling chamber, and be influenced by the 
reverberant ■ characteristics of those regions of the tunnel. 

Also the boundary layer in the test section would radiate sound, 
and individual regions of the boundary layer could be considered 
as Incoherent sources, thereby generating a diffuse field. 

Since it is the intention of this report to compare measured 
coherence and phase spectra with possible analytical models, 
it is necessary to review the analytical representations asso- 
ciated with the different sound fields. 

Consider first the case of propagating waves, and Include the 
Influence of incoherent noise, such as may be introduced by 
aerodynamic self-noise on the microphone diaphragms. The cross 
power spectral density function for a single propagating wave 
can be written as 

G (f) = G (f)[cos + i sin (^] (1) 

xy p 

where it is assumed that the power spectral densities of the 
signal at positions x and y are equal (i.e., there is no attenua- 
tion between the tvjo observation points). 

Thus G^(f) = Gy(f) = Gp(f) 

and the phase angle <J) is given by 


^ = <j)(f’) = kd 


( 2 ) 
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where k is the wave number 2irf/Cj d is the distance between 
the two measurement locations, and c = c^/cos 0 is the trace 
wave speed along the axis joining the two measurement locations 
(Figure 3 ). 


If the self noise on each microphone has a power spectral density 
Gj^(f), and the noise signals are uncorrelated, the coherence 
function is 


yHr) 


[Gp(f) + G^(f)]2 


( 3 ) 


and the phase angle is (})(f) as given by eqn. ( 2 ). The uncorre- 
lated noise reduces the coherence but does not affect the phase. 


Now, introduce a second propagating wave of the same frequency, 
under assumptions that the waves are nondisperslve , that they 
are independent and uncorrelated with respect to ‘each other, 
and that the initial phases associated with each wave are uni- 
formly distributed from -tt to +7r. Then, dropping the f notation 
for convenience. 


= 


G\ + Gl + 2 G G cos(<J>, - (j)^) 


1 2 

(G. + G, + 


where , 

c . ’ 


Cj = 5 " 

i cos 0 




and 4> = tan 


G jSin 

‘f'l 

+ 

GjSln 


G j cos 


+ 

GgCos 

<i*2_ 


( 5 ) 


Here Gj >^2 power spectral density functions for the 

tv/o. v/aves and 'the corresponding phase angles. Since 

-1 _< cos(^j - 4*2) 1 +1, lies in the range 
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Direction of 
Propogotion 


FIGURE 3. 


general arrangement of transducers 
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(0. - 0,) 


< Y < 


(Gi + GJ 


(G. + + G^)= 


(G, + G, + 0^) 
and has a periodicity of tt with respect to (<}ij ~ 


( 6 ) 


Markowitz [3] has considered several specific cases for 
and <j >3 and has described the problems which can arise in measure- 
ment interpretation. Some of the cases are discussed below. 


For two waves of equal magnitude G , traveling in the same 

JH 

direction 

2 + 2 cos(<j) - (f> ) 

y" = (7) 

(2 + G /G 
^ n p ' 

<l>i + 4>2 

and (j) = 2 

Values of <p are shown in Figure 4 for several values of the 
ratio seen that ij) follows a linear relationship 

with (j) j . 


The effective trace velocity for the combined signal is given 

by 


1 

c 



(9) 


In general the two v/aves will have different magnitudes, and 

f[Gj/G^ + sin <{)2/sln (j)^] 


(j) = tan 


- 1 


[Gi/Gg + cos (p^/cos (p^J 


tan (})j 


( 10 ) 


It can be assumed, v/lthout loss of generality, that Gj>G 2 * In 
the extreme case, if Gj>>G^ then Alternatively, if G^=:G 2 > 
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<j) , which was obtained above (equation 8). However 

i-f Gj/Gj ='0'(1) and” f 2/^1 < <1’ exhibits periodic variations 

about <J) = <{)^. The periodicity of (j) with respect to (}i^ is 



t 


or in terms of frequency. 



f, the periodicity is 

( 11 ) 


Typical patterns for coherence and phase angle spectra associated 
with two propagating waves are shown in Figure 5* Two systems 
are considered. In one case waves G^ = 3» G^ = 1 are traveling 
in the same direction with 4 > 2 ^^i ~ 2.5, and in the other case 
waves G^ = 3, G^ = 1 are traveling in opposite directions with 
= -O. 5 . For both cases the incoherent noise input, G^, 
is zero. The coherence functions are identical for the two 
cases, oscillating between lower and upper bounds of 0.25 and 
1.0 (see eqn. (^)) with periodicity 4 tt/ 3 with respect to (J>^. 

Phase angle spectra also have a periodicity of 4tr/3, but there 
is a half period phase shift between the two curves. Examples 
of wave combinations - are discussed by' Markowitz [3], including 
several cases of ambiguity. 


Now consider the combination of a diffuse field with a propagating 
wave and self noise. The cross power spectral density for the 
diffuse field is 

sin 4 ) 

G (f) = G,(f) — 7 — ^ (12) 

xy ' d^ (|)^ 

where = k^d = — (13) 

o 

and is the ambient speed of sound. 


- 10 - 
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Then = (i + R + G /G )~^ 


'R sin 


+ cos 


and (J) = tan 


- 1 


sin 


R 


sin <b 
\ 

<P^ 


+ cos (J>j 


(14) 

(15) 


where R is the ratio of the diffuse and propagating power spectral 
densities, R = Again, uncorrelated noise affects only 

the coherence. The form of and (}) can now be demonstrated by 
means of sample non-dimensional plots. 


Figures 6 and 7 show coherence and phase spectra for the case 

G^ = 0, and 0 = 0, (l.e., <j)^ = 4>j), for a series of values of R. 

The coherence decays asymptotically to a value (1 + R)“^ instead 

of the value of unity for a propagating wave alone, or zero 

for a diffuse field. The phase follows the basic characteristics 

of a propagating wave but deviates by an amount dependent on 

sin 4)j 

R and <j>.. As <j>, increases, — r >■ 0 and the phase <f> tends 

9 1 

to the propagating wave relationship. ■ 


It will be noticed that the deviations are always such that <j) 
lags behind 4j^, and that they repeat with period ir. If however 
0.1s non-zero, the periodicity of sin differs from that of 
sin 9 j 3-nd the resulting periodicity' of i}* is no longer ir with 
respect to (j)^. An example is shown in Figures 8 and 9 where 
and are plotted for 0 = 0 and tt/ 4, with R = 8. For tf, 
in particular, it is observed that <j> may now lead or lag <j>j. 

Consider now the effect of Introducing a mean flow velocity U, 
such as would be present in the wind tunnel. For a combination 
of propagating waves, c^j^ becomes 

c^ = c^/cos 9^ + U/cos (l6) 

where the angles are defined in Figure 10. 
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FIGURE 8. EFFECT OF 6 ON COHERENCE SPECTRUM (U = 0) 
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For d combination of diffuse and propagating waves, the situation 
is a little more complicat-ed , If it is assumed that, on the 
average, the representation of the diffuse field is unaffected 
by the superimposed mean flow, then the diffuse term remains 
sin 

— T — - . The propagating phase will, however, be modified 
by the mean flow as before. 


^ where c, = 


+ 


U 

cos a, 


If it is assumed that the wave is propagating in the direction 
parallel to the mean flow 


ai = ejOr(ej+7T) , 


depending on whether the propagation direction is downstream 
or upstream, and 


c 


1 


cos 0 ^ 



(1 ± M) 
cos 0 ^ 


In this case the net effect on and <J) will be similar to those 
produced by a change in the value of 0^. For example, a flow 
Mach number of 0,1 will have the same effect as a 10 % change 
in cos 6 ^ , 


Thus far, the discussion has assumed that the acoustic waves 
are freely propagating and statistically independent such that 
the initial phase can be taken at random with a uniform distri- 
bution from -ir to tt. If it is now assumed that two acoustic , 
waves of equal magnitude and wave number are propagating in 
opposite directions, and that the waves are not statistically 
independent but have an Initial phase of zero, then the two 
waves combine to give a standing wave. The coherence function 
is then - 


-18- 
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cos(kx, )cos (kx„ ) ^ 

2 12 

Y = 

I cos (kx^ ) I I cos (kx^ ) I 

where Xj, are the two measurement locations, and 

(j) = 0 (in phase) | 

= IT (out of phase)} 


(17) 


(18) 


Extending this argument to the noise field associated with a 
single noise source in a reverberant enclosure. It is found 
that the coherence is again unity, provided that a sufficiently 
long Integration time (of the order of the reverberation time) 
is used in the analysis [^,5]. 


- 19 - 
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4. TEST PROGRAM 

Acoustic measurements were made at five general locations in 
the wind tunnel test section, diffuser and settling chamber. 

The locations are Identified in Figure 1. At each location 
two Bruel and Kjaer 1/2 inch microphones with nose cones were 
mounted on 1.8 m (6 ft) high stands. One microphone was placed 
upstream of the other, but, to minimize wake Interference between 
microphones, the microphone locations were staggered relative 
to the fl'ow direction. Typical arrangements are shown in 
Figure 11. 

Acoustic signals from the pair of microphones were analyzed 
using a Spectral Dynamics Model SD 36 O Signal Processor, with 
Spectral Dynamics Model 332 Translator being used in conjunction 
with the SD 36 O in some cases. Data reduction consisted mainly 
of coherence and phase angle spectra for various frequency 
ranges up to a maximum of 5000 Hz. Data averaging times were 
as long as 10 minutes, but the integrating time for an individual 
sample was dictated by the frequency range of interest. Thus, 
for an upper cutoff frequency of 5000 Hz, the integration time 
for a single sample was 0.1 sec. If 2048 samples were used 
in the averaging process, the total sample time would be 204.8 
seconds . 

Since the integrating time at high frequencies was much shorter 
than the corresponding reverberation time in the wind tunnel, 
an alternative approach was used for some of the data reduction. 
Before being processed by the SD 360 , the signals were conditioned 
by the SD 332 translator using a bandwidth of 100 Hz, and an 
adjustable center frequency. The conditioned signal could then 
be processed in the same manner as signals with an upper cutoff 
frequency of about 100 Hz, l.e., with an Integration time of 
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Microphone 



Microphone 


LOCATION 

d 

tn (in.) 

e 

degrees 

U (o = 1915 N/m^) 

m/s (ft ./sec.) 

1 

0.36 (14) 

43 

56.4 (185) 

2a 

0.61 (24) 

22 

13.1 (43) 

2b 

0.25 (10) 

45 

13.1 (43) 

3 

0.33 (12.8) 

51 

11.3 (37) 

4a 

0.61 (24) 

27 

4.0 (13) 

4b 

0.33 (13) 

55 

4.0 (13) 

5 

0.64 (25) 

16 

4.0 (13) 


FIGURE 11. DIMENSIONS OF MICROPHONE ARRANGEMENTS 
IN WIN D TUNNEL 
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5 secs. This integration time is comparable to the reverberation 
times of 1 to 6 seconds mea'sured in the test section, diffuser 
and settling chamber [1]. 

The acoustic measurements were made mainly at a tunnel dynamic 
pressure of 1915 N/m^(^0 Ib/ft^), although some measurements 
were made in the best section at dynamic pressures of 958 N/m^ 

(20 Ib/ft^) and 3830 N/m^(80 Ib/ft^). Average flow velocities 
at the test locations are shown in Figure 11 for the 1915 N/m^ 
dynamic pressure condition. 


- 22 - 



Report 3559 


Bolt Beranek and Newman Inc. 


5. MEASUREMENTS 

Coherence and phase spectra measured in the wind tunnel test 
section (Location 1) are shown in Figures 12 and 13, respectively, 
for the frequency range to 5000 Hz. It is seen that the coherence 
falls rapidly to values less than 0.1, for frequencies above 
about 400 Hz. The phase angle shows a well defined trend at 
frequencies below 1500 Hz, but, at high frequencies, the data 
show large fluctuations. Improved resolutions of the low fre- 
quency regime can be obtained by expanding the frequency range, 
as is done in Figures l4 and 15 where the upper frequency limit 
is 2000 Hz. 

Inspection of the data in Figures 12 through 15 suggests that 
the general patterns of the coherence and phase spectra are 
similar to those 'obtained under the assumption of a combination 
of propagating and diffuse fields (see, for example. Figures 
8 and 9). For instance, curves are shown in Figures l4 and 15 
which have been calculated using eqns. (14) and (15) for different 
values of R, the ratio of diffuse to propagation power spectral 
densities. For convenience the phase data are presented such 
that a positive slope indicates downstream propagation. How- 
ever, before discussing these results in greater detail, data 
for other locations will be considered. 

Figures 16 and 17 present coherence and phase spectra associated 
with Location 5 in the cross-leg of the settling chamber. Again 
the coherence decreases rapidly from a value of almost unity 
to a value less than 0.1. The phase data show a general trend 
of low frequency (less than 2500 Hz) propagation from fan to 
test section and_ high frequency propagation in the reverse 
direction. However there are some frequency regimes within 
these subdivisions where the general trend is very distorted. 
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1.0 



FM5URe 16. COHERENCE SPECTRUM FOR SOUND FIEID IN SETTLING CHAMBER 
<LOCATION 5) 
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FIGURE 
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At Location which is just downstream of the air interchange 
sec-tion, the coherence (Figure l8) shows evidence of an oscilla- 
tory pattern, although there is still the initial rapid decrease 
in value. The phase angle spectrum (Figure 19) suggests that 
there is propagation in the downstream direction, at least for 
frequencies up to 3500 Hz. These patterns are shown in more 
detail, for the frequency range to 2000 Hz, in Figures 20 and 21. 

Results in Figures l8 through 21 refer to dimensions associated 
with Location ^(a). If the microphones are brought closer to- 
gether, as for Location ^(b), the coherence data show no sig- 
nificant changes (Figure 22), but the phase spectrum takes on 
a fairly strong 0,it variation and the general propagation trend 
Is much less dominant (Figures 23). 

Turning no\>i to the diffuser (Figures 24-29), the coherence 
data show a significant reduction in the maximum value measured 
at low frequencies. For example at Location 2 the coherence 
reaches a maximum value of about 0.8 when the microphone separa- 
tion distance is 0.6l m (24 Inches) (Figures 24) and 0.9 when 
the separation is reduced to 0.25 m (10 inches) (Figures 26). 

In the cross leg of the diffuser (Location 3) the maximum coher- 
ence is 0.65 (Figure 28), the separation distance being 0.33 m 
(12.8 Inches) in this case. It is believed that these relatively 
low values of maximum coherence are due to uncorrelated low 
frequency noise induced by flow fluctuations resulting from 
flow separation in the diffuser. It is known that low frequency 
components due to flow separation do exist. 

Phase data measured at Location 2 with the 0.6l m (24 inches) 
microphone separation are similar to results for Location 5j 
in that they indicate a propagation direction from fan to test 
section at low frequencies and in the reverse direction at 
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FIGURE 18. COHERENCE SPECTRUM FOR SOUND FIELD IN SETTLING CHAMBER 
(LOCATION 4 a) 0 - 4000 Hz 


4000 




FfELD IN SETTLING CHAMBER (LOCATION 4a) 











La<* 



0 1000 2000 3000 4000 5000 
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FIGURE 24, COHERENCE SPECTRUM FOR SOUND FIELD IN DIFFUSER (LOCATION 2a) 
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higher frequencies (Figure 25). In the present case the change 
occurs at a frequency of about 1500 Hz. However there is a 
suggestion that a 0,7r variation may be present. This is seen 
much more strongly in Figure 27 where the microphone separation 
is reduced to 0.25 m (10 inches). 

Coherence and phase data associated with Location 3 in the 
cross leg of the diffuser are shown in Figures 28 and 29- The 
microphone separation distance is 0.33 (12.8 inches) in this 

case and phase spectrum again shows a significant 0,tt type varia- 
tion. 
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6. DISCUSSION 


The conerence spectra measured at the five test locations all 
show similar characteristics. They have maximum values at 
low frequencies j and decay rapidly as frequency increases. 

At Higher frequencies the spectra have an oscillatory nature 
;vhich is similar to that predicted for a combination of diffuse 
and propagating fields, provided that the ratio, R, of diffuse 
to propagating pov/er spectral densities is allowed to vary , 
with frequency. It has been seen earlier (e.g.. Figure 5) 
that an oscillatory coherence function can also be obtained 
from a combination of two propagating fields. However in this 
case the periodicity of the analytical representation differs 
from the measured pattern, and the analytical model coherence does 
not predict the observed coherence decay as frequency increases. 

Incoherent noise does not make a significant contribution to 
the microphone signals in the test section or in the settling 
chamber. Tnls can be seen in two ways. At low frequencies 
the measured coherence is approximately unity, indicating that 
the incoherent noise level is low. Then at higher frequencies, 
when a combination of diffuse and propagating waves is assumed 
and an analytical representation is fitted to the experimental 
data, the values of R which give the best fit to the data are 
approximately the same for coherence ana phase. If there was 
a significant contribution from incoherent noise, then a smaller 
value of R v/ould be required to fit the analytical representation 
to tne measured coherence data than v;ould be required for the 
phase spectrum. 

There does, hov;ever, appear to be low frequency, incoherent 
noise present in the microphone signals for the diffuser locations, 
since the measured coherence is much lower than unity. This 
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loss of coherence has been attributed to low frequency turbulence 
which Is uncorrelated from microphone to microphone. The turbu- 
lence results from flow separation on the wall of the diffuser. 
Such flow separation is known to be present in the diffuser, 
and large amplitude, low frequency fluctuations have been observed 
in signals from microphones in the diffuser, but not in- signals 
from microphones at other locations. 

Coherence spectra presented in the preceding figures were obtained 
using integration times of 0.1 to 0.5 sec,, values which are an 
order of magnitude smaller than the reverberation times in the 
tunnel. However the coherence values showed no measurable change 
when an integration time of 5 seconds was used. This integration 
time is similar to the measured reverberation times In the tunnel. 

Using a single source in a reverberant room, Scharton [ 5 ] has 
Investigated the effect of record length on the measured coherence. 
Results from the investigation are plotted in Figure 30, where 
it is seen that the measured coherence is greater than about 0.9 
if the record length is greater than the reverberation time. 

The longer the record length relative to the reverberation time, 
the closer is the measured coherence to the ideal value of unity. 

In the 7x10 wind tunnel, high coherence was measured when a single 
acoustic source was used, the tunnel was not operating, and 
the signals were integrated for times equal to, or greater than, 
the tunnel reverberation time. For example. Figure 31 compares 
coherence values obtained from two arrangements using an acoustic 
source, with values measured during low speed operation of the 
tunnel. In one of the arrangements an acoustic source was located 
in the diffuser and the microphones were in the test section. 

For the second test the noise source was near the tunnel drive 
fan, one microphone was at the fan, and the other in the test 
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Reverberation Time / Record Length (T^ / T) 


FIGURE 30. EFFECT OF RECORD LENGTH ON MEASURED 
COHERENCE FOR A SINGLE SOURCE IN A 
REVERBERANT ROOM 




FIGURE 31. COHERENCE SPECTRA FOR SOUND FIELD FROM A SINGLE SOURCE 
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section. Coherence was measured at three f-requencies , 1000, 
^000, and 8000 Kz, and as shown in Figure 31 , the coherence 
maintained values of at least 0.8 when the single noise source 
is used. In contrast, when the tunnel drive system provided 
the noise source, even at very low speeds, the coherence fell 
oy about an order of magnitude to a value of 0 . 1 , a result 
that is similar to measurements in the test section when the 
flow speeds are higher. This would suggest that the noise 
field measured in the test section during normal tunnel opera- 
tion is not that of a single source in a reverberant environment 
out is tnat due to several incoherent sources. 


Tne phase spectra measured at the five test locations in the 
tunnel show two different characteristics. In one case the 
pattern is that of a propagating field v.'ith some modification 
due to diffuse, reverberant or other factors. The basic slope 
of the phase spectrum is that associated with sound propagation 
in the upstream, or downstream, direction with the appropriate 
trace velocity being the resultant of the velocity of sound 
and the flow velocity. Thus the phase changes by it when the 
frequency changes by an Increment where 


A 


1 


2 d cos a ' 


(19) 


In the second case the phase spectrum assumes approximate values 
of 0 and IT, although there are some deviations from this pattern. 
The alternating 0 and tt values exist for a given frequency incre- 
ment, A^, v/nich is given, approximately, by 


^ = c^/2d 


( 20 ) 


and the measured phase can be represented by 
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<j) = 0 2nA^ < f < (2n + 1)A j 

} n = 0,1,2 . . . (21) 
= TT (2n + < f < (2n + 2)A^| 

The (o,tt) pattern appears in the most distinct form when* there 
is a significant difference between A^ and A^. For example, 
values of the frequency increments associated with Figures 23 j 
27, and 29 are given below: 



Aj(Hz) 

A^ (Hz ) 

A /A 
r 2 

Figure 23 

912 

517 

1,76 

Figure 27 

950 

672 

l.ill 

Figure 29 

812 

525 

1.55 

Conversely, the 

propagating pattern is prominent 

when 

A 2 have similar 

values, as 

indicated below; 



Ai(Hz) 

A2(Hz) 

A/A2 

Figure 15 

5-48 

i}80 

1.14 

Figure 19 

318 

280 

1.14 

Figure 25 

290 

280 

1.04 


It should be noted that, in fact, the situation is not as clearly 
defined as. is implied above. For example, even when the (0,ir) 
pattern is well developed, there is still a strong convected 
pattern at low frequencies, such as is the case in Figures 23 
and 27. 

When the propagating pattern is present, analysis can be performed 
under the assumption that the acoustic field is a combination 
of propagating and diffuse components. Calculated curves for 
coherence and phase are shown in the appropriate figures, for 
several values of R substituted in eqns. (1^) and (15) • 
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For the test section, the analytical representations of equations 
(l4) and (l5)j with = 0, follow the measured coherence and 
phase functions if R = 5 for frequencies below 1000 Hz, and R 
is approximately 8 for frequencies above 1000 Hz. Measurements 
were also made at two other flow conditions, and corresponding 
phase spectra are shown xn Figures 32 and 33- flow velocity 

of 39.9 m/s (131 ft/sec) the best data fit is obtained when R 
is approximately 8, and 79-9 m/s (262 ft/sec) the appropriate 
value of R is about 4. Thus there is a general trend of R 
decreasing as flow velocity increases. 

Now consider the measuring locations in the diffuser and settling 
chamber. Again it is assumed that the sound field is a combina- 
tion of diffuse and propagating components and that the ratio 
R of the tv/o power spectral densities can be estimated by use 
of Equations (14) and (15). For the diffuser data it is found 
that R = 8, at least for frequencies belov/ 1500 Hz. At the 
air interchange. Location 4, the value of R appears to increase 
with frequency having a value of 2 for frequencies below 300 Hz, 

8 for the frequency range 300 to 1400 Hz, l6 from l400 to l800 Hz 
and 25 from 1800-2200 Hz. 

This analysis shows that, for the frequency regime below about 
1500 Hz, the value of R, which best describes the experimental 
data, lies in the range of 5 to 8 irrespective of the measure- 
ment location. This implies that the diffuse field has a power 
spectral density which is 5 to 8 times as large as that for the 
propagating field. 

There are at least two possible Interpretations of this result. 

The diffuse field could be generated within the neighborhood 
of each measurement location, or it could result from Incoherent 
sources some distance from, the microphones, for example, at the 
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fan. Local generation does not appear to be a likely explanation 
because of the wide differences in flow velocity from location 
to location. In the extreme, the flow velocity in the test 
section is l4 times larger than the velocity in the settling 
chamber, but the sound pressure levels differ by less than 
10 dB. Consequently it is more likely that the diffuse field 
results from incoherent sources at other locations in the tunnel. 

The dominant direction of propagation can be obtained from the 
slope of the phase spectrum. For convenience, the phase data 
in this report are presented such that a positive slope Indicates 
downstream propagation of the sound field and a negative slope 
represents upstream propagation. The measurements show that 
low frequency noise propagates from the fan in the downstream 
direction to the air Interchange and settling chamber, and In 
the upstream direction to the diffuser and test section. The 
finding that the low frequency sound in the test section travels 
via the diffuser’ rather than the settling chamber is consistent 
with a result from a previous study [1] that acoustic energy 
did not pass easily from settling chamber to test section because 
of the large reduction in cross-sectional area. 

As the frequency of interest increases, the propagation charac- 
teristics show a significant change. Thus, above about 1700 Hz, 
the sound field in the diffuser has a downstream propagation 
direction, and above about 2800 Hz, the sound field in the set- 
tling chamber propagates upstream. This result can be interpreted 
in terms of the dominant high frequency noise sources being 
located in the test section rather than at the fan. 
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7. CONCLUSIONS 

On the basis of the coherence and phase measurements for the 
sound field in the wind tunnel, it is concluded that the domi-' 
nant lov/ frequency sound in the test section is generated in 
the neighborhood of the fan, and the high frequency sound is 
generated locally in the test section itself. The boundary 
between low and high frequency appears to be in the I 5 OO to 
2000 Hz range. It is possible that some noise is generated 
within the first part of the diffuser but this cannot be deter- 
mined from the present tests. 

The characteristic patterns of the measured coherence and phase 
spectra are similar to those predicted by an analytical model 
which assumes diffuse and propagating components, with incoherent 
noise in some cases. The ratio of diffuse to propagating power 
spectral densities is approximately 8 v/hen.the tunnel Is operated 
at a dynamic pressure of 1915 N/m^ (^0 Ib/ft'^). However the 
present simplified analysis does not take fully into account 
the influence of tunnel reverberation. Further analysis of 
this effect is required. 


r* J 
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